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INTRODUCTION
The lagoon cockle Cerastoderma glaucum (Lamel-
libranchia: Cardiidae) is a euryhaline and eurythermic 
(Rygg 1970) bivalve present across Europe from the Cas-
pian to the Baltic Seas (Brock 1979). The distribution area 
of C. glaucum even if wide, is very fragmented. It usu-
ally inhabits isolated or semi-isolated, shallow, non-tidal 
biotopes, e.g., brackish lagoons, estuaries, bays and lakes. 
It was previously thought that the main limiting abiotic 
factor for this cockle was its intolerance to air exposure 
provoked by tides (Russell 1971, 1972). However, appar-
ently, the nature of sediment is more important than the 
direct influence of tides. This species never occurs on 
bottoms with loose sediment structure typical of regions 
exposed to tides, currents and waves (Brock 1979).
The pelagic larval stage of the lagoon cockle is 
restricted to 1-2 weeks (Lauckner 1972, Kingston 1974, :RãRZLF]$VWKHGLVWULEXWLRQDUHDVRIWKLVVSHFLHV
are often separated by unsuitable habitats (insularity), 
alternative dispersal modes necessarily allowed the found-
ing of such populations. C. glaucum is probably not dis-
persed by man for aquaculture purposes, because it only KDVDPDUJLQDOFRPPHUFLDOYDOXH$UMRQLOODet al. 1994). 
However, it may be transported as a result of anthropo-
genic activities, such as constructing canals connecting 
separated basins, or pumping water from one water basin 
and releasing it into another (e.g. for the needs of power 
plants) [for a freshwater bivalve, Dreissena polymorpha 
(Pallas, 1771) Quaglia et al.@)XUWKHUPRUHWKHVSDW
of C. glaucum sticks to the surface of submerged plants, DQGMXYHQLOHVFOLPEDQGDWWDFKWRVXEVWUDWHVZLWKWKHLU
byssal gland (Pearson 2003, Reise 2003). They may there-
fore be transported among water basins with these plants 
attached to the engines of small trailerable boats or to 
other recreational equipment (Quaglia et al.0RUH-
over, migrating birds seem a plausible vector provoking 
gene flow (discussed in Tarnowska et al. 2010). The role 
of birds in the dispersal of C. glaucum has been previously 
evoked by many authors (Boyden & Russell 1972, Rose 
1972, Gasse et al.6SHQFHU	3DWFKHWW5HLVH1LNXOD,QWHUHVWLQJO\&DGpHVXJJHVW-
ed a possibility of internal transport of adult cockle, as a 
specimen of Cerastoderma edule /LQQDHXVZDV
observed alive after regurgitation by a herring gull and 
found in the act of burrowing again in the tidal flat. How-
ever, for mollusks external transport seems to be more 
common (Wesselingh et al. $GXOWELYDOYHVPD\
be dispersed attached to birds feet (e.g.,'DUZLQ.HZ%R\FRWW5HHV*UHHQ	)LJXHUROD/DUYDHDQGVSDWPD\DOVREHWUDQVSRUWHGH[WHUQDOO\IRUH[DPSOHRQELUGVSOXPDJH*UHHQ	)LJXHURODDQGUHIHUHQFHVWKHUHLQ$GGLWLRQDOO\VSDWDQGMXYHQLOHV
of C. glaucum may be transported by birds together with SODQWV5HLVH0DQ\ELUGVSHFLHVSHUIRUPUHJXODU
migrations between the southern and the northern parts of 
Europe. They rest and feed in lagoons and estuaries which 
are often inhabited by C. glaucum :RãRZLF]$Q\
overland transport or the transport of cockles attached to 
birds’ feet would require resistance to aerial exposure.
Recent genetic studies of C. glaucum populations from 
almost the whole distribution area revealed very different JHQHWLFVWUXFWXUHSDWWHUQVEHWZHHQPLWRFKRQGULDO'1$
and microsatellite markers (Tarnowska et al. 2010). In PLWRFKRQGULDO'1$FRQWUDU\WRWKHQXFOHDU'1$VRPH
geographical discontinuities were found in genetic struc-WXUH$VPLWRFKRQGULDO'1$LVWUDQVPLWWHGLQWKHPDWHUQDOOLQHDJHDQGQXFOHDU'1$LVWUDQVPLWWHGE\ERWKSDUHQWV&KHQXLOVXFKGLIIHUHQFHVVXJJHVWPLJUDWLRQUDWH
differences between males and females. It seems unlikely 
that a male and a female larva behave or even survive dif-
ferently. However, adult males and females often display 
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small, often isolated, water basins. Dispersal among these basins can take place overland (human 
mediated) or by migratory birds, when cockles are attached to their bodies. It requires the capac-
ity of the cockle to survive aerial exposure. The time of survival of cockles in air was tested. The 
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female mortality curves and the strong differences between the results coming from two thermal 
conditions suggest that the experiment was reliable. 
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different physiological conditions (thus different surviv-
al rates facing stress) due to differences in reproductive 
efforts in animals (Tarnowska et al. 2009). Gender-biased 
dispersal could hypothetically be driven by gender differ-
ences in survival during aerial exposure and starvation 
involved with passive dispersal mechanisms (e.g., trans-
port by migrating birds or human activity). Gender differ-
ences in survival rates, susceptibility to diseases and life 
span are not rare phenomena (e.g.LQKXPDQ2OLYHWWLet 
al.0DFLQW\UHet al.$UEXFNOHDQGDUHHYHQWKHRUHWLFDOO\H[SHFWHGIRULQVWDQFHLQK\EULG]RQHV
according to sex determinism mechanisms (e.g., Hal-
dane 1922, Chenuil et al.$UHFHQWJHQHWLFVWXG\
on the lagoon cockle revealed a striking similarity in the 
mitochondrial marker of cockles from the Iberian Pen-
insula and the Baltic Sea (Tarnowska et al. 2010). Some 
waders (Charadriiformes) that undergo particularly long PLJUDWRU\IOLJKWVXVHWKH(DVW$WODQWLF)O\ZD\ZKLFKLVDPDMRUURXWHIRUORQJGLVWDQFHWUDQVSRUWEHWZHHQWKHVHWZRUHJLRQV6iQFKH]et al. 6iQFKH]et al. 2007). 
This suggested that long distance dispersal via migrating 
birds and gender differences in survival during this trans-
port may together explain the particular genetic structure 
observed in the lagoon cockle at mitochondrial and nucle-
ar markers. Theoretically, even if long distance dispersal 
occurs for a single individual, it may enable its genotype 
(or mitochondrial haplotype) to invade an already settled 
population due to genetic drift or natural selection. This 
hypothesis led to this experimental study. 
MATERIALS AND METHODS
&RFNOHVXVHGIRUWKHH[SHULPHQWZHUHVDPSOHGRQth-XQH
LQWKH%HUUH/DJRRQ3ODJHGX-DwRQWKH)UHQFKFRDVW
RIWKH0HGLWHUUDQHDQ6HD·1·($IWHUVDPSOLQJ
WKHFRFNOHVZHUHWUDQVSRUWHGWRWKHODERUDWRU\PLQXWHV
car trip) in sea water at the same temperature as the sampling 
VLWH&7KHVSHFLPHQVZHUHVDPSOHGIURPWKHVXUIDFHRI
the sediment. The cockles were divided into two lots, in a way 
UHVSHFWLQJVLPLODUVL]HGLVWULEXWLRQV7KH\ZHUHSODFHGRQDGU\
tray, on a laboratory table, in the same orientation, the distance 
among specimens being of a few centimeters. The first lot was 
SODFHGDW&H[SRVHGWRLQGLUHFWVXQOLJKWGXULQJWKHGD\
LQDODERUDWRU\URRPZLWKDLUFRQGLWLRQLQJDQGWKHVHFRQGDW
&LQWKHGDUN7KHOLJKWFRQGLWLRQVGLIIHUHGEHFDXVHRIWKH
laboratory conditions constraints. The air temperature was con-
trolled. The number of dead individuals was controlled at more 
or less regular time intervals. Cockles were considered dead 
when the shell was slightly open and when applying a contact to 
the shell did not provoke its closing due to the action of adduc-
tor muscles. Each time a cockle was found dead the duration of 
the survival in air was recorded. The LT, which is the exposure WLPHUHTXLUHGWRNLOORIWKHWHVWSRSXODWLRQZDVFDOFXODWHG
for each temperature. Then shell length, width and height were 
measured with a slide caliper accurate to 0.01 mm. 
The dead cockles were placed individually in small 
SODVWLF EDJV ÀOOHG ZLWK VHD ZDWHU DW  & DQG VWRUHG XQWLO
observation (maximum 2 days). Gonad tissue (equivalent 
to a volume of a few microliters) was spread on a glass slide 
(those classically used for histology) and the slide was placed 
RQDKHDWLQJSODWHDW&IRUDIHZVHFRQGV$IHZGURSVRI
toluidine blue were spread at the slide for coloration and the 
excess of it was rinsed for a few seconds under distilled water 
ÁRZ7KHVH[RIHDFKLQGLYLGXDOZDVWKHQGHWHUPLQHGXQGHUDQ
optical microscope according to a reliable protocol, since eggs 
and sperm are distinguishable regardless of gonad development 
VWDJH:RãRZLF]
7KH H[DFW WHVW RI )LVKHU ZDV DSSOLHG WR WHVW WKH
VLJQLÀFDQFHRIGLIIHUHQFHVLQWKHVH[UDWLR7KHFRQÀGHQFH
intervals were calculated for the proportion of females 
1HZFRPEH  2WKHU VWDWLVWLFDO DQDO\VHV ZHUH SHUIRUPHG
XVLQJ;/VWDWY7KHQRUPDOLW\RIWKHGDWDGLVWULEXWLRQZDV
FKHFNHG XVLQJ WKH 6KDSLUR:LON WHVW VLJQLÀFDQFH OHYHO  
7KHVLJQLÀFDQFHRI WKHFRUUHODWLRQVRI WKHVXUYLYDO WLPH LQDLU
and every dimension of the shell (length, width and height) was 
checked with the Spearman (non-parametric) test. The effects of 
VH[DQGVL]HWKUHHVL]HJURXSVFKRVHQa priori attributing equal 
number of individuals to each group) on survival time in air 
were investigated with the Kruskal-Wallis non-parametric test.
RESULTS
The proportion of females was 0.37 (± 0.1), but the 
females to males ratio did not significantly differ from S!7KHREVHUYHGVXUYLYDOWLPHGDWDGLGQRW
have a normal distribution. The temperature of the room 
strongly influenced survival time, which was significant-O\ORQJHUDW&WKDQDW&S)LJ7KH
LTZDVKDW&DQGKDW&7KHPRUWDO-LW\H[FHHGHGDIWHUDERXWKDW&DQGDIWHUDERXWKDW&1RVLJQLILFDQWGLIIHUHQFHZDVIRXQG
between the survival time of males and females in both VDPSOHVS DW&S DW&DQGWKHZKROHFXUYHVZHUHYHU\VLPLODU)LJ7KHVXUYLYDOWLPH
at both temperatures slightly diminished when cockle VL]HLQFUHDVHGEXWQHLWKHUWKHFRUUHODWLRQVS DQGUHVSHFWLYHO\DW&DQG&QRUWKH.UXVNDO:DOOLVWHVWVS DQGUHVSHFWLYHO\DW&DQG&ZHUHVLJQLILFDQW
DISCUSSION
Survival time and the role of air temperature
In our study the LT of C. glaucum during the aerial H[SRVXUHZDVRIKPRUHWKDQGD\VDW&DQG
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RIKOHVVWKDQGD\VDW&7KHVHGXUDWLRQVZHUH
slightly shorter than the ones found by Boyden (1972): 
LTRIKDOPRVWGD\VDW&DQGRIKDOPRVWGD\VDW&&RPSDULVRQVDPRQJWKHVHVWXGLHVDUH
difficult to perform in a reliable way since numerous 
conditions were different. In particular, our study did not 
control and did not record humidity values, and light con-
ditions were not identical between the two temperature 
conditions. Survival time of the common cockle, Cerasto-
derma edule was longer than that of C. glaucum, reaching KDW&DQGKDW&%R\GHQ7KLVLV
because some mollusks, especially those inhabiting inter-
tidal regions, like C. edule, have a capacity to air-breathe 
(Boyden 1972 and references therein). C. glaucum cannot DLUEUHDWKH%R\GHQ'DQFHUHSRUWHGWKDWD
freshwater mussel survived 12 months out of water.7KHELYDOYHVZKLFKFDQQRWDLUEUHDWKHLQLWLDOO\XWLOL]H
the oxygen dissolved in the water present in the shell. $IWHUZDUGVWKHFRQGLWLRQVEHFRPHDQR[LF7KHDELOLW\WR
survive in anoxic conditions or low oxygen contents var-
ies among bivalves reaching 2 weeks for Nucula sulcata %URQQ7D\ORUet al.GD\VIRUNuculo-
ma tenuis0RQWDJXLQZDWHUZLWKH[WUHPHO\ORZR[\JHQFRQWHQW0RRUHRUGD\VIRUModiolus 
demissus'LOOZ\QLQQLWURJHQ/HQW
The principal physiological means of resisting to both 
aerial exposure and hypoxia is metabolic rate decrease 
thus energy saving (Storey & Storey 1990). Prolonged 
aerial exposure provokes tissue hypoxia and metabolic 
processes leave the aerobic pathways for the anaerobic RQHV$KPDG	&KDSOLQ(HUWPDQ	'H=ZDDQ
1994). In bivalves, this leads to end products (e.g., short-
chained organic acids or alcohols) that can be reused or HDVLO\UHPRYHGIURPWKHFHOOV2HVFKJHU'H=ZDDQ	(HUWPDQ
$QRWKHUIDFWRULQIOXHQFLQJVXUYLYDOLQDLULVDOVRWROHU-
ance to desiccation. C. glaucum may survive the loss of RIZDWHUIURPWKHWLVVXHV$LUWHPSHUDWXUHLVFUX-
cial during aerial exposure. In the lagoons inhabited by 
C. glaucum, like the Berre Lagoon, where the cockles ZHUHVDPSOHGWKHWHPSHUDWXUHPD\H[FHHG&LQWKH
summer (Stora et al.*RX]Het al.7KLVVSH-
cies is adapted to these extreme conditions. However, 
during aerial exposure, temperature increase causes an 
increase in evaporation of water from the body. Cockles 
are closed when exposed to air, which limits evaporation 
(Boyden 1972). But high temperatures may also increase 
metabolic activity by increasing oxygen demand (Clarke 
1991, in C. glaucum: Tarnowska et al. 2009). $ORQJHUVXUYLYDORIELYDOYHVVXEMHFWWRDHULDOH[SRVXUH
or hypoxia at lower temperature was reported previously 0DWWKHZV	0F0DKRQ,QDIUHVKZDWHUELYDOYH
Corbicula fluminea2)0OOHUVXEMHFWWRSHUL-
odic emersion in its natural habitat, the ranges of median WROHUDQFHWRDHULDOH[SRVXUHZHUHKDW&KDW&DQGKDW&%\UQH
et al.$SDUWIURPKLJKWHPSHUDWXUHVHQYLURQPHQWV
rich in hydrogen sulphide, and high or low salinity can all 
negatively affect air survival (Shumway et al.9HOG-KXL]HQ7VRHUNDQet al.$QR[LFDQGDHULDOVXUYLYDO
were demonstrated to provide early warning indicator of FRQWDPLQDQWLQGXFHGVWUHVV'H=ZDDQ	(HUWPDQ
The influence of size on aerial exposure survival time 
:HGLGQRWHYLGHQFHDVLJQLILFDQWHIIHFWRIVL]HRQ
survival during aerial exposure. Both our study and the 
previous one (Boyden 1972) were performed on adult 
individuals. In Corbicula fluminea (Bivalvia) larger indi-
viduals were proved to lose water at a slower rate and sur-YLYHGORQJHULQDLUDW&DQG&WKDQVPDOOHURQHV
)LJ²0RUWDOLW\RIFRFNOHV
during the aerial exposure for HDFKVH[DW&DQG&
 .7$512:6.$$9(51(<0:2â2:,&=-3)(5$/$&+(18,/ 
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
(Byrne et al./DUJHULQGLYLGXDOVZHUHPRUHWROHU-
ant to anoxia than smaller ones in other bivalves [Borsa 
et al. 1992 for Ruditapes decussatus/LQQDHXV0DWWKHZV	0F0DKRQIRUDreissena polymor-
pha@+RZHYHUWKHSDWWHUQPD\EHLQYHUWHGZLWKODUJHU
specimens being less tolerant of anoxia than smaller ones 0DWWKHZV	0F0DKRQIRUC. fluminea2QHRIWKH
main sources of anaerobic metabolic substrate in mollusks LVJO\FRJHQ'H=ZDDQ7KHUHIRUHORZHUWROHUDQFH
of larger specimens to anoxia might be due to the reduc-
tion of tissue glycogen level correlated with reproductive 
cycle (Tarnowska et al. 2009 and references therein). 
In general, smaller, younger bivalves appeared more 
sensitive to other types of environmental stress, such as 
intoxication (e.g., Ringwood 1993, 0DUNLFK+RZ-
ever, in Mytilus edulis/LQQDHXVWKHUHVLVWDQFHWR
intoxication with copper declined gradually, being signif-
icantly correlated with shell length (Hoare & Davenport 
1994).
The influence of sex on the aerial exposure survival 
time 
No difference was recorded in the survival time in air EHWZHHQPDOHVDQGIHPDOHV$OWKRXJKWKHDEVHQFHRIVLJ-
nificant difference does not prove that survival is the same 
among sexes, curves are rather smooth and similar, which 
can be compared to the conspicuous differences observed DPRQJWHPSHUDWXUHFRQGLWLRQVLQWKHVDPH)LJXUH)LJDQGVXJJHVWVWKDWWKHVDPSOHVL]HVSURYLGHGDUHDVRQ-
able statistical power. In previous studies, the females 
of bivalves were often suggested to be more fragile to 
various perturbations than males. Stress caused by inva-
sive species Dreissena provoked an increased mortality 
in females in comparison to males in the native bivalve 
Lampsilis radiata (Gmelin, 1791). It was considered to 
be due to the fact that in female stresses related to breed-
ing added to stresses incurred from Dreissena encrus-
tation produced lethal effects (Haag et al. 1991). The 
resistance of females to aerial exposure could decrease 
during gonad maturation and spawning, as it demands 
a lot of energy. The gonad development stages were not 
taken into account in this study. We did not trust gonadic 
stages inferred from our data, because the stress provoked 
by aerial exposure may provoke immediate spawning. 
Reproduction is less seasonal in the Berre lagoon than in 
other investigated areas (Tarnowska et al. 2009) thus this 
location may not be the most susceptible to reveal sex dif-
ferences due to reproductive effort. 
The consequences of the results for gene flow
The survival times of C. glaucum in air, although 
shorter than found by Boyden (1972), are long enough 
to enable a long-distance dispersal of cockles via birds. 
Theoretically, the dispersal distances may be quite impor-
WDQWDVIRUH[DPSOHDGXFNIOLHVDWNPK-1 (Welham 0RUHRYHUPRVWELUGPLJUDWLRQVDUHDWDQDOWLWXGHUDQJLQJIURPPWRPDOWKRXJKWKH\PD\DOVRH[FHHGVHYHUDOWKRXVDQGPHWHUV:LOOLDPV7KHDLU
temperature is known to decrease with altitude, which 
is favorable for bivalves survival during birds mediated WUDQVSRUW2QWKHRWKHUKDQGLQRXUH[SHULPHQWWKHFRFN-
les were placed in order to avoid airflow. The cockles 
attached to migrating birds are exposed to a high airflow 
rate likely to accelerate desiccation and death.$OWKRXJKZHFRQILUPHGWKDWWKHWLPHRIVXUYLYDOLQDLU
is long enough for such a transport, the present study does 
not support differences in survival times between males 
and females, which may have explained the different 
patterns of genetic structure between mitochondrial and QXFOHDU'1$UHYHDOHGE\SUHYLRXVVWXGLHV7DUQRZVND
et al. 2010). We argued above that absence of statistical 
significance appeared unlikely to be caused by insuffi-FLHQWVDPSOHVL]HV+RZHYHUWKHVXUYLYDOWLPHLQDLUZDVVWXGLHGRQO\RQDGXOWLQGLYLGXDOV(JJVDQGMXYHQLOHVFDQ
be transported by birds as well. Their physiology is dif-
ferent than the one of adults and the existence of differ-
ences between the two sexes in the aerial exposure sur-
vival at these stages cannot be excluded. We collected 
cockles from the surface of the sediment (not the buried 
ones), which are more prone to infection by trematodes 
(Bowers et al.+RZHYHUELUGV·IHHWRUQHFNVGRQRW
burry into the sediment, so surface sampling is not biased UHODWLYHWRRXUDVVXPSWLRQELUGGLVSHUVDO$GLIIHUHQWLDO
survival among genders during dispersal is not the only 
possible cause of dispersal differences. In some bivalves, 
behavior differs between sexes. In Macoma balthica /LQQDHXVIHPDOHVSUHYDLOHGDPRQJWKHFUDZOHUVFRPSDUHGWRWKHEXULHGLQGLYLGXDOV0RXULWVHQ,WLVDOVRSRVVLEOHWKDWPLWRFKRQGULDO'1$GRHVQRWUHIOHFWVLPSO\QHXWUDOSURFHVVHVEXWWKDWWKLVPDUNHULVVXEMHFWWR
natural selection. If mitochondrial haplotypes are differ-
entially adapted to given environmental conditions, then 
the geographical (or spatial) distribution of mitochondrial 
genetic diversity does not reflect gene flow (Ballard & 
Whitlock 2004). 
To conclude, in the present study we revealed the 
influence of air temperature on the survival time of cock-
les. However, we could not prove that the differences in 
genetic structures revealed by nuclear and mitochondrial 
markers were provoked by survival differences to aerial 
exposure (i.e., birds-mediated transport). The hypothesis 
of differences among sexes in aerial survival cannot be 
ruled out. Similar tests could be carried out in other loca-
tions, where reproduction is more seasonal, and using PRUHLQGLYLGXDOVRIGLIIHUHQWVL]HV:HLQGLFDWHGWKHQRQ-
significant p-values of our tests to allow future meta-anal-\VHVWREHFDUULHGRXWE\FRPSXWLQJ)LVKHU·VFRPELQHGSUREDELOLW\WHVW$OWHUQDWLYHK\SRWKHVHVWRH[SODLQWKH
genetic observations are that (i) differences between the 
effective dispersal of male and female are provoked by 
 6859,9$/2)&2&./('85,1*$(5,$/(;32685( 27
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other mechanisms than aerial survival time of adults (e.g., 
different behavior) or (ii) the differences between the 
results revealed by the two genomes reveal an effect of QDWXUDOVHOHFWLRQRQPLWRFKRQGULDO'1$RUQXFOHDU'1$
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